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In Brief
Using NMR spectroscopy, Sinnige et al.
identified dynamics in the POTRA 5
domain of the main component of the
b-barrel assembly machinery (BAM).
Mutations that affect BAM function
influence the conformational equilibrium,
suggesting that POTRA 5 plasticity is
related to BAM complex formation and
substrate binding.
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BamA is the main component of the b-barrel assem-
bly machinery (BAM) that folds and inserts outer
membrane proteins in Gram-negative bacteria. Crys-
tal structures have suggested that this process
involves conformational changes in the transmem-
brane b-barrel of BamA that allow for lateral opening,
as well as large overall rearrangements of its peri-
plasmic POTRA domains. Here, we identify local dy-
namics of the BamA POTRA 5 domain by solution
and solid-state nuclear magnetic resonance. The
protein region undergoing conformational exchange
is highly conserved and contains residues critical for
interaction with BamD and correct b-barrel assembly
in vivo. We show that mutations known to affect the
latter processes influence the conformational equi-
librium, suggesting that the plasticity of POTRA 5 is
related to its interaction with BamD and possibly to
substrate binding. Taken together, a view emerges
in which local protein plasticity may be critically
involved in the different stages of outer membrane
protein folding and insertion.
INTRODUCTION
The process of protein folding and insertion into bacterial mem-
branes is essential for physiological, pathogenic, and drug resis-
tance functions (Bos et al., 2007a). The mechanism for mem-
brane integration of a-helical membrane proteins is relatively
well understood (Dalbey et al., 2011; Driessen and Nouwen,
2008). On the other hand, the insertion and folding of b-barrel
membrane proteins that are only found in the outer membranes
of Gram-negative bacteria and eukaryotic organelles (mitochon-
dria and chloroplasts) have remained elusive. Transport of pro-
teins into or through these outer membranes requires complex
molecular machines. In Escherichia coli, the precursors of outer
membrane b-barrel proteins are synthesized in the cytoplasm.
The unfolded precursor proteins are recognized and translo-
cated across the inner membrane by the Sec translocase. Inser-
tion into the outer membrane is subsequently coordinated by the
b-barrel assembly machinery (BAM) (Hagan et al., 2011; Ricci
and Silhavy, 2012; Voulhoux et al., 2003; Wu et al., 2005). Its
main component, BamA, is a highly conserved integral mem-Structure 23, 1brane protein (Webb et al., 2012), consisting of a transmembrane
b-barrel and five periplasmic POTRA domains in E. coli. The
E. coli BAM complex also contains four lipoproteins, BamB,
and the BamCDE sub-complex (Sklar et al., 2007; Wu et al.,
2005). Only BamA and BamD are essential, but deletion of the
other lipoproteins leads to defects in outer membrane protein
(OMP) assembly and increased sensitivity to antibiotics and
stress conditions (Malinverni et al., 2006; Sklar et al., 2007; Wu
et al., 2005).
The BamA POTRA domains seem to be the key players in sub-
strate binding. Evidence exists that they form a template for the
formation of b-strands in the substrate polypeptide chain (Gat-
zeva-Topalova et al., 2008; Kim et al., 2007; Knowles et al.,
2008). Even though the sequences of POTRA 1–5 are not very
similar, they share a common fold that may allow for b-augmen-
tation (Kim et al., 2007). Furthermore, POTRA 1 has been cross-
linked to the periplasmic chaperone SurA and is expected to
serve as an initial delivery site for the substrate (Bennion et al.,
2010). Deletion of this domain affects the assembly of a subset
of OMPs (Bennion et al., 2010). POTRA 2–4 are required for bind-
ing of BamB (Dong et al., 2012; Kim and Paetzel, 2011; Kim et al.,
2007; Noinaj et al., 2011), whereas POTRA 5 (P5) mediates the
interaction with the essential lipoprotein BamD and thereby the
BamCDE sub-complex (Albrecht and Zeth, 2011; Kim et al.,
2007). P5 moreover occupies a central position closest to the
b-barrel, where the substrate should be guided into either the
lumen of the barrel, the interior of an oligomeric assembly, or
directly into the membrane (Noinaj et al., 2013). It is noteworthy
that P5 is the only essential POTRA domain in Neisseria menin-
gitidis BamA (Bos et al., 2007b).
Recently, the crystal structures of two BamA proteins, those
from Neisseria gonorrhoeae and Haemophilus ducreyi, revealed
novel insights into the mechanism of b-barrel assembly (Noinaj
et al., 2013). The structure of the N. gonorrhoeae BamA b-barrel
showed incomplete hydrogen bonding between the first and last
b-strand, which folds back into the lumen of the barrel. Molecular
dynamics (MD) simulations suggested that the b-barrel can open
entirely to form a lateral gate. This was proposed as a possible
mechanism in which a substrate OMP could be folded inside
the BamA b-barrel and subsequently released. Alternatively, it
might provide a way for BamA to form a template for the newly
formed b-strands of the substrate to align (Noinaj et al., 2013).
Furthermore, comparison between the N. gonorrhoeae and
H. ducreyi BamA structures (Noinaj et al., 2013), as well as the
crystal structure of E. coli BamA comprising the transmembrane
(TM) domain and POTRA 5 (Albrecht et al., 2014), suggests that
the POTRA domains could undergo large conformational317–1324, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1317
Figure 1. BamA P5 Experiences Conforma-
tional Exchange in Solution
(A) Peak intensities from the 2D 1H,15N HSQC of
BamA P4P5 plotted along the amino acid
sequence. Negative red bars represent residues
that could not be assigned due to lacking in-
tensities (Sinnige et al., 2015).
(B) Relaxation dispersion profiles for several resi-
dues of P4P5. Error bars represent the cumulative
error of spectral noise levels. Rex is indicative of the
contribution of conformational exchange to the
relaxation rate. Boxes in the left bottom corners
indicate the extent of Rex as in (D) and no Rex in
gray.
(C) HSQC intensities as in (A) plotted on the crystal
structure of P4P5 (PDB: 3Q6B).
(D) Rex plotted on the crystal structure of P4P5.
Residues experiencing detectable conformational
exchange are shown in sticks.changes and thereby open or close the interior of the b-barrel.
Interestingly, solid-state nuclear magnetic resonance (ssNMR)
studies from our laboratory have shown that global motion of
the POTRA domains does not occur on a fast (ns) timescale in
BamA proteoliposomes but might take place on slower time-
scales (Sinnige et al., 2014).
In the following,wedemonstrate local conformational plasticity
on the micro- to millisecond timescale in the BamA P5 domain,
which we identified using combined NMR studies of soluble
and membrane-embedded BamA constructs. This region of P5
is highly conserved and encompasses residue E373, which was
shown critical for binding of BamD and functioning of the BAM
complex in vivo (Ricci et al., 2012). We observed that removing
the negative charge by mutation of this residue strongly perturbs
the conformational equilibrium in P5, suggesting that electro-
static interactions play an important role in P5 plasticity. MD sim-
ulations support this conclusion. Interestingly, the dynamic
region of P5 is highly conserved yet absent in the other POTRA
domains, implying that the conformational plasticity is unique to
the function of P5 and critical for b-barrel assembly.
RESULTS
Local Conformational Exchange in POTRA Domain 5
NMR is a sensitivemethod to probe fold and dynamics of soluble
andmembrane-embedded proteins (reviewed in e.g. Arora et al.,1318 Structure 23, 1317–1324, July 7, 2015 ª2015 Elsevier Ltd All rights reserved2001; Henzler-Wildman and Kern, 2007;
Hong et al., 2012; Renault et al., 2010).
For example, chemical shift correlations
and NMR signal intensities can provide
direct insight into protein fold as well as
the presence of motion. Previously, we
have shown that the periplasmic POTRA
domains of BamA do not experience
fast global motion in proteoliposomes
(Sinnige et al., 2014). Yet, we and others
showed that P5 critically depends on the
interface with P4 for its correct fold and
stability (Morgado et al., 2015; Sinnigeet al., 2015). Previous NMR and small-angle X-ray scattering
(SAXS) data suggested a well-defined orientation between the
two domains and thus a common correlation time for the P4P5
construct in solution (Gatzeva-Topalova et al., 2010). However,
our solution NMR studies on the P4P5 tandem construct re-
vealed that, on average, P5 signals were broader than those of
P4, with some regions even broadened beyond detection (Fig-
ure 1A). To examine whether line broadening is induced by local
dynamics within the P5 domain, we performed CPMG (Carr-Pur-
cell-Meiboom-Gill sequence) experiments that probe conforma-
tional exchange on the micro- to millisecond timescale (see e.g.
Palmer et al., 2001; Tollinger et al., 2001). Indeed, several resi-
dues on P5 exhibited a contribution of exchange to the relaxation
rate (Figure 1B) suggesting that conformational exchange was
also the cause of the extensive line broadening of residues for
which assignments could not be obtained. When plotted on
the 3D structure, these residues mostly cluster to the a-helices
and connecting loop (Figures 1C and 1D) while on P4, only
some residues that are involved in the inter-domain interface,
e.g. A318, showed broadening in the 1H,15N heteronuclear single
quantum correlation (HSQC) spectrum and conformational ex-
change in CPMG experiments (Figure 1D).
Next, we investigated to what extent the observed local dy-
namics in P5 might be modulated by the presence of the
BamA b-barrel and the lipid bilayer. To this end, we analyzed
2D ssNMR spectra of the BamA P4P5-TM construct carrying
Figure 2. Local Dynamics of the POTRA Domains in Membrane-
Embedded BamA
(A) Extracted regions from 2D NCA experiments on 13C,15N-GSAVLTI labeled
BamA P4P5-TM in DLPC lipid bilayers, recorded at2C (blue) and 20C (red).
(B) Signal intensities from the spectra shown in (A). Intensities are shown
relative to those of residue L630 for both temperatures. Error bars represent
the noise levels of the two experiments relative to L630 intensity.
(C) Peak integrals of selected residues from the experiments shown in (A),
relative to L630.
(D) BamA P4P5-TM E. coli homology model (Noinaj et al., 2013) with the res-
idues probed in ssNMR shown as spheres, color-coded according to the
dynamic behavior: least dynamic (blue); mobile only at higher temperatures
(light blue); statically disordered (beige), most dynamic (red). See also Fig-
ure S1 for full spectra.13C,15N-labeling at the amino acids GSAVLTI, allowing us to
track several resonances of the POTRA domains and of the
b-barrel. For our spectral analysis, we used de novo ssNMR
resonance assignments of the BamA TM domain in addition to
our solution NMR assignments for the P4P5 domains, which su-
perpose on the ssNMR spectra very well (Sinnige et al., 2015). To
distinguish between static and motional disorder, we compared
data obtained at 2C and 20C (Figure 2A; full spectra in
Figure S1).
First, we examined signal intensities of P4 and P5 domains in a
2D NCA spectrum at the lower temperature. Here, we observed
that residues I284, V301, and T302 from P4 had similar inten-
sities to L630 of the b-barrel, whereas isolated P5 residues,
including A375 and S408, exhibited lower intensity (Figure 2B).
On the other hand, peak integration showed that residue S408
from P5 had the same integral value as L630 from the b-barrelStructure 23, 1(Figure 2C), indicating static conformational heterogeneity that
leads to peak broadening. In contrast, A375 exhibited both lower
intensity and a smaller peak integral, which would be consistent
with residual motion that partially averages out the 15N-13C
dipolar coupling. Note that at 2C, the sample was not yet
frozen as judged by 1D 1H-NMR (data not shown). We next re-
corded a 2D NCA spectrum at 20C to probe dynamic effects
that increase as a function of temperature. From P5, A375 signal
intensity decreased further but S408 was not affected by the in-
crease in temperature. These findings relate very well to our
results from solution NMR; A375 is located in the region of
conformational exchange, which is expected to become faster
at higher temperature. Furthermore, relative to L630 from the
b-barrel, signal intensities relating to residues from P4 (namely
I284, V301, and T302), now also diminished (Figure 2B). Again,
this matches our solution NMR data where the P4P5 interface
was found to be dynamic (e.g. A318, F347, Y348; Figure 1D),
causing the P4 domain to become more mobile relative to the
membrane-embedded b-barrel in ssNMR (Figure 2D). Note
that S408 is not affected by the increase in temperature, indi-
cating that the domain orientation of P5 with respect to the
b-barrel remains stable.
Mutation of E373 Affects Conformational
Equilibrium of P5
TheP5 residues experiencing conformational exchangemap to a
highly conserved region comprising the essential residue E373
(Figure S2). Previous in vivo studies have demonstrated that mu-
tation of residue E373 on BamA P5 to lysine abolishes the inter-
action with BamD and impairs b-barrel assembly at normal
growth temperature (Ricci et al., 2012), whereas mutation to
alanine hasmilder effects (Rigel et al., 2013).Weexamined the ef-
fect of E373A andE373Kmutations firstly on the P4P5 conforma-
tion in solution (Figure 3A, see Figure S3 for full spectra). The 2D
1H,15N HSQC spectra revealed significant 1H-15N chemical shift
perturbations (CSPs) in both cases, the charge-reverting E373K
mutant causing the strongest effect (Figures 3A and 3D; see Fig-
ure S4B). Interestingly, CSPs occurred not only for residues in
close vicinity of the mutation but all throughout the P5 domain,
whereas P4 remained largely unaffected apart from residues on
the interface between the two domains. Also arginine side chain
N
ε
H
ε
resonances frombothP5and theP5 interfaceonP4showed
significant CSPs (Figure S4B), possibly as a consequence of an
altered electrostatic network (see below). Long-range effects
due to a pointmutationmight be caused by a change in structure,
yet we found very little changes in the Ca and Cb chemical shift
values of the E373K mutant protein (Figure S4C), indicating that
the P4P5 fold, at least on the level of secondary structure, re-
mains largely preserved comparedwith thewild-type (WT). How-
ever, the intensities for P5 in the 1H,15N HSQC spectrum of the
E373K mutant dropped further (Figure S4D), suggesting that
the mutation enhances the conformational exchange.
We sought to confirm this hypothesis in the membrane-
embedded BamA construct using ssNMR, where the increase
in chemical exchange should result in further scaling of the
dipolar couplings, reducing signal intensity. Comparison of WT
and E373K mutant spectra revealed complete disappearance
of a set of P5 resonances such as A363, A375, and V412 in the
mutant spectra (Figures 3B and 3C), whereas the signal-to-noise317–1324, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1319
Figure 3. Mutation of E373 Induces Long-
Range Perturbations and Increased
Dynamics in P5
(A) Close-ups of 1H,15N HSQC spectra of BamA
P4P5 WT (blue), E373A (orange), and E373K (red).
(B and C) Details from (B) 2D NCA and (C) 2D
13C,13C ssNMR spectra of BamA P4P5-TM WT
(blue) and E373K (red) labeled 13C,15N-GSAVLTI,
highlighting P5 residues that have disappeared
upon mutation and a P4 residue that remains.
(D) CSPs of the P4P5 E373K mutant in solution,
color-coded on the crystal structure (PDB: 3Q6B)
with the BamA b-barrel homology model shown in
surface representation (Noinaj et al., 2013). Labels
correspond to the residues that are not detectable
in ssNMR spectra of the E373K mutant due to
increased dynamics. Residue E373 is shown with
the side chain as sticks and labeled in italic. See
also Figures S3–S5.ratio for other correlations was similar (see Figure S5 for full
spectra and 1D slices). Note that resolved P4 resonances such
as A278 (Figure 3C) were retained in the dipolar-based ssNMR
spectra of themutant, implying that our results point to increased
local conformational exchange within P5, whereas global motion
of the POTRA domains with respect to the b-barrel is still
restricted.
MD Simulations Support a Dynamic Electrostatic
Network in P5
Since mutation of E373 into a positively charged residue affects
the conformational equilibrium of P5 as observed by NMR, we
hypothesized that interchanging electrostatic interactions might
play a role. For this purpose, we performed atomistic MD simu-
lations on BamA P4P5-TM in a 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayer and monitored the distance
between the charged residues of P5 that are localized in the dy-
namic region (Figure 4A). Interestingly, we observed local dy-
namics of electrostatic contacts around the mutation site E373
involving charged side chains of residues K351, D362, and1320 Structure 23, 1317–1324, July 7, 2015 ª2015 Elsevier Ltd All rights reservedR366 (Figure 4B). These residues associ-
ated and disassociated to alternating
pairs of salt bridges on the sub-micro-
second timescale, which may give rise
to the micro- to millisecond conforma-
tional exchange observed in our NMR ex-
periments. Consistent with the results
from our MD simulations, E373 and
D362 were not observed in the 1H,15N
HSQC spectrum of P4P5 due to exten-
sive line broadening, whereas K351 and
R366 belonged to the weakest signals
(Figure 1A).
DISCUSSION
Folding and insertion of OMPs by the
BAM complex is crucial for Gram-nega-
tive bacteria. Since no ATP is present inthe periplasm, this process is thought to be driven by the gain
in free energy of the folded membrane protein (Moon et al.,
2013). So far, the role of the BAM complex in mediating this
process remains poorly understood but dynamics and confor-
mational changes within the machinery are likely to play an
important role.
Using a combination of NMR, mutagenesis, and MD simula-
tions, we have shown that P5 exhibits local conformational plas-
ticity that is present even in the context of membrane-embedded
BamA. Previously, we found that P5 in isolation or attached to
the b-barrel is not correctly folded, most likely due to the lack
of a stabilizing interface with P4 (Sinnige et al., 2015). This notion
is further supported by our observation of conformational ex-
change processes in P5 that propagate to the P4P5 interface
in the tandem construct and membrane-embedded BamA. Mu-
tation of residue E373 seems to alter the conformational equilib-
rium of P5. The E373A mutation has only mild effects in vivo,
leading to a weakened interaction with BamD and increased
detergent sensitivity (Rigel et al., 2013). Yet, in our NMR spectra,
modulation on a molecular level is apparent from CSPs that
Figure 4. MD Simulations of BamA P4P5-
TM in a DMPC Bilayer Reveal a Dynamic
Electrostatic Network in P5
(A) Plot of the minimal distances between the side
chain carboxyl group of D362/E373 and the gua-
nidine group of R366. The thick lines show running
averages over 20 ns.
(B) Snapshots from the trajectory at 70 ns (left) and
170 ns (right) indicated by arrows in (A), showing
different electrostatic interactions. P4 is omitted
for clarity.extend to residues far away from the mutation. The E373K
mutant, which has a more severe phenotype in vivo (Ricci
et al., 2012)—it completely abrogates the BamD interaction
and does not grow at temperatures higher than 24C—showed
even larger CSPs.We observed that in addition to backbone am-
ides, arginine side chains underwent large CSPs upon mutation
of E373, not only in P5 but also extending to the P4P5 interface
(Figure S4B). Furthermore, the E373K mutant displayed strongly
reduced signal intensities both in solution and ssNMR, implying
enhanced conformational exchange. Interestingly, the residues
further away from the site of mutation, such as Y319 and V364,
shifted in one direction from WT to E373A to E373K (Figure 3A),
suggesting that the conformational equilibrium is driven toward
one side. The linear shifts are strong evidence for the existence
of a fast two-state conformational equilibrium in P5, as observed
in allosteric regulators (Li et al., 2008; Volkman et al., 2001).
Remarkably, all residues that have a large contribution of confor-
mational exchange (Rex), as determined from the
15N CPMG
relaxation dispersion plots in WT P4P5, display strong CSPs
upon mutation of E373 to K. Specifically, among the residues
that follow a linear change in chemical shift from WT to E373A
to E373K, i.e. excluding the neighboring residues G374 and
A375, the highest Rex values (Figure 1D) are found for the resi-
dues with the largest 15N CSPs (Figure S4B, bottom): G385
and T402. This strongly suggests that the underlying dynamical
process that causes the line broadening is the same motional
equilibrium that, due to altered populations, is perturbed by mu-
tation of E373. In the case of E373K, the CSPs are large and the
change in populations thus significant, which could provide an
explanation for the increased broadening of the lines in this
mutant (Figure S4D). Along these lines, the weakened BamA-
BamD interaction of this mutant in vivo may be caused by a
reduced BamA population capable of binding to BamD rather
than by loss of a direct contact made by residue E373.
Taken together, these findings suggest that electrostatic inter-
actions play an important role in the conformational equilibrium
of P5. In the highest resolution crystal structure of P4P5 (PDB:
3Q6B), a network of electrostatic interactions exists between
D362, R366, E373, and K351 (Zhang et al., 2011), whereas in
another crystal form (PDB: 3OG5) R366 and E373 form a salt
bridge, leaving D362 and K351 more exposed (Gatzeva-Topa-
lova et al., 2010). The B-factors of these structures do not pro-
vide any indication of dynamics, yet charged residues including
K351 and E373 are involved in stabilizing crystal contacts in both
cases (Zhang et al., 2011). Moreover, comparison of the two
structures demonstrates that different configurations areStructure 23, 1possible. Our MD simulations indicated that the contacts be-
tween the charged residues are interchanging, which might be
underlying the micro- to millisecond conformational exchange
observed in NMR. Remarkably, none of the other POTRA do-
mains possesses such a network of charged residues in this
area. Instead, they expose a hydrophobic patch in the corre-
sponding region of the general POTRA fold (Figure 5A, white)
that is thought to allow for b-augmentation of the substrate (Gat-
zeva-Topalova et al., 2008; Kim et al., 2007; Knowles et al.,
2008). Thus, the dynamic region that we identified is unique to
the specific function of P5 and it forms a highly conserved patch
on the surface of BamA (Figure 5B, left).
Altogether, a picture emerges in which conformational flexi-
bility occurs in all stages of b-barrel assembly. Before the sub-
strate reaches BamA, it is bound by periplasmic chaperones
that prevent aggregation and keep the substrate folding compe-
tent (Figures 5C-1). The complex of Skp with unfolded OMPs
was thoroughly investigated before and showed a dynamic
ensemble that allows for efficient release of the substrate toward
the BAMcomplex (Burmann et al., 2013). For the other main peri-
plasmic chaperone SurA, such studies have not yet been carried
out but similar principles are expected to play a role. Next, the
unfolded substrate is likely to undergo non-specific transient in-
teractions with the POTRA domains 1–4 by means of b-augmen-
tation on the hydrophobic sides of these POTRA domains
(Figures 5C-2). Interestingly, although the angle between the
P4 and P5 domains was conferred rigid from SAXS and residual
dipolar coupling measurements (Gatzeva-Topalova et al., 2010),
we identified subtle dynamics on the interface that might be
important to guide unfolded substrates to the b-barrel. Again
the functional relevance is supported by conservation analysis
(Figure 5B) that shows high conservation on the interfaces of
not only P4 and P5 but of all neighboring POTRA domains.
The BamA P5 domain, subsequently, is the critical hub for
b-barrel assembly because it has to interact with substrate
OMPs as well as the essential lipoprotein BamD (Kim et al.,
2007; Malinverni et al., 2006). Our data on the E373 mutants
that weaken binding of BamD in vivo (Ricci et al., 2012; Rigel
et al., 2013) provide evidence for a role of P5 plasticity in this
interaction. Furthermore, we can speculate that P5 is involved
in recognition of the C-terminal motif of substrate OMPs
(Robert et al., 2006), transiently accommodating the negatively
charged C terminus within its dynamic electrostatic network.
Interestingly, also BamD has been implied in binding of the
C-terminal motif (Albrecht and Zeth, 2011; Hagan et al., 2015;
Sandoval et al., 2011) and further studies will have to elucidate317–1324, July 7, 2015 ª2015 Elsevier Ltd All rights reserved 1321
Figure 5. Conserved Conformational Plas-
ticity of BamA P5
(A) The sides of all POTRA domains except P5
expose a hydrophobic patch. The top row shows
the side of the electrostatic network of P5 involving
D362, R366, and E373. All domains are shown in
the same orientation aligned on P2. White, hy-
drophobic; blue, positively charged; red, nega-
tively charged.
(B) Sequence conservation of BamA analyzed with
Consurf (Celniker et al., 2013). Conserved resi-
dues are colored on the homology model (Noinaj
et al., 2013) in red and orange for the most and
second most conserved category of residues,
respectively.
(C) Schematic view of conformational plasticity in
the process of b-barrel assembly. 1, Periplasmic
chaperones form a dynamic complex with the
unfolded OMP; 2, the unfolded OMP transiently
interacts with hydrophobic patches on POTRA
domains 1–4 (white); 3, interactions occur be-
tween the substrate (possibly the C-terminal
recognition motif, shown in red), P5 (dynamic re-
gion shown in red), and BamD; 4, the substrate is
inserted by a dynamic interplay between the
BamA b-barrel, which might open up laterally, and
the lipids of the outer membrane.the precise interplay between P5, BamD, and the substrate (Fig-
ures 5C-3).
Protein plasticity again plays a role in the final step of insertion
into the outer membrane (Figures 5C-4). Recently solved BamA
crystal structures suggested that the b-barrel could open later-
ally (Noinaj et al., 2013). The first and last b-strands in the crystal
structure are again highly conserved, as well as a part of extra-
cellular loop 6 and residues from the b-barrel that coordinate it
(Figure 5B, right). In addition, interplay between BamA and the
lipid bilayer is thought to locally perturb the membrane (Noinaj
et al., 2013; Sinnige et al., 2014), potentially stimulating insertion
of the substrate.
In conclusion, we identified conformational plasticity in the
BamA P5 domain that is compatible with a model for OMP
assembly in which local dynamics are involved in substrate
recognition, targeting to the membrane and insertion. Future
interaction studies of BamA with substrate and the accessory li-
poproteins will be crucial to obtain a picture of the b-barrel as-
sembly machinery in action.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
BamA P4P5 (T261-G424) and BamA P4P5-TM (D264-W810) were prepared as
reported previously (Sinnige et al., 2015). Site-directed mutagenesis to create
expression plasmids for BamA E373A and E373K was performed using the
primers indicated in Table S1 with pLICHIS P4P5 and pET11c BamA-P4P5-
TM (Sinnige et al., 2014) as templates. Mutant proteins were produced and pu-
rified using the same protocols as for the corresponding WT polypeptides.
NMR Spectroscopy
Solution NMR experiments were performed on 0.5 mM 15N,13C-labeled P4P5
in 50 mM sodium phosphate (pH 6.25) and 100 mM NaCl at 25C using an
AVANCE III Bruker spectrometer operating at 600 MHz 1H Larmor frequency
equipped with a cryogenic TXI probe. Resonance assignments of P4P51322 Structure 23, 1317–1324, July 7, 2015 ª2015 Elsevier Ltd All rigwere reported previously (Sinnige et al., 2015) (BMRB: 19928). 15N relaxation
dispersion experiments were performed as described by Tollinger et al.
(2001), using a constant time delay TCP of 30 ms and 4.5 kHz
15N CPMG
pulses. The spectrum was recorded as pseudo 3D with the CPMG frequency
nCPMG as the third dimension, using 19 increments between 0 and 960 Hz,
including the reference and twice the 400 Hz experiment. Reff2 was calculated
from the ratio of intensities, where I0 represents the intensity in the reference
experiment (Mulder et al., 2001):
Reff2 ðnCPMGÞ= 1TCP lnðIðnCPMGÞÞ
I0
(Equation 1)
1H-15N HSQC spectra of P4P5 mutants (E373A, E373K) were assigned by
comparison with WT spectra and, where possible, confirmed using 3D
HNCA and CBCAcoNH spectra for E373K.
SSNMR experiments on BamA proteoliposomes in 20 mM sodium phos-
phate (pH 7.0) and 5 mM MgCl2 were carried out on a NMR spectrometer
operating at 700 MHz 1H Larmor frequency and equipped with a 3.2-mm
1H,13C,15N magic angle spinning (MAS) probe (Bruker BioSpin). The MAS
frequency was set to 13 kHz. The effective sample temperature was either
2C or 20C for dipolar-based experiments. Hartmann-Hahn cross-polari-
zation was carried out with a linear ramp from 70% to 100%. The contact
time was typically between 500 and 800 ms and kept constant in cases
where the spectra were used for comparison. 13C,13C correlation experi-
ments were done using the PARIS pulse sequence (Weingarth et al., 2009)
with a mixing time of 30 ms and 8 kHz irradiation on 1H. For 15N-13C transfer,
SPECIFIC CP (Baldus et al., 1998) was used with a contact time of 4 ms.
Decoupling was achieved with SPINAL64 (Fung et al., 2000) at 78 kHz irra-
diation on 1H.
NMR data were processed using TopSpin 3.0 (Bruker) or NMRPipe (Delaglio
et al., 1995) and analyzed with Sparky (Goddard and Kneller, 2008).
MD Simulations
MD simulations were carried out using the Groningen Machine for Chemical
Simulations (GROMACS) simulations package, version 4.5.3 (Hess et al.,
2008), with the Groningen Molecular Simulation computer program package
(GROMOS53a6) force field (Oostenbrink et al., 2004) and the Berger lipid pa-
rameters (Berger et al., 1997). The simulation system was represented by the
atomic homology model of E. coli BamA (Noinaj et al., 2013) (residues Asp264hts reserved
to Trp810), embedded in a DMPC bilayer in an aqueous solution of NaCl. Po-
tassium and chloride ions were added to neutralize the system and to mimic a
150 mM NaCl solution. The final system consisted of 212,222 atoms,
comprising BamA, 491 DMPC lipids, 174 sodium ions, 151 chloride ions,
and 61,217 water molecules. Ions and water molecules, as well as lipids and
the protein were each jointly coupled to the thermostat at 303 K. After initial
equilibration in an NVT ensemble, the system was simulated in an NPT
ensemble using semi-isotropic pressure coupling for 50 ns with gradually
reduced force constants and then further evolved for 300 ns without restraints.
Conservation Analysis
Full-length BamA from E. coli (UniProt: P0A940) was subjected to a BLAST
search using the Uniref 90 database to prevent incorporation of redundant se-
quences. The results were filtered for proteobacteria, which generally have five
POTRA domains. Sequences were aligned using Clustal U and Consurf (Cel-
niker et al., 2013) was used to plot conserved residues on the BamA structure.
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